The formation of inner ear sensory epithelia is believed to occur in two steps, initial specification of sensory competent (prosensory) regions followed by determination of specific cell-types, such as hair cells (HCs) and supporting cells. However, studies in which the HC determination factor Atoh1 was ectopically expressed in nonprosensory regions indicated that expression of Atoh1 alone is sufficient to induce HC formation suggesting that prosensory formation may not be a prerequisite for HC development. To test this hypothesis, interactions between Sox2 and Atoh1, which are required for prosensory and HC formation respectively, were examined. Forced expression of Atoh1 in nonprosensory cells resulted in transient expression of Sox2 prior to HC formation, suggesting that expression of Sox2 is required for formation of ectopic HCs. Moreover, Atoh1 overexpression failed to induce HC formation in Sox2 mutants, confirming that Sox2 is required for prosensory competence. To determine whether expression of Sox2 alone is sufficient to induce prosensory identity, Sox2 was transiently activated in a manner that mimicked endogenous expression. Following transient Sox2 activation, nonprosensory cells developed as HCs, a result that was never observed in response to persistent expression of Sox2. These results, suggest a dual role for Sox2 in inner ear formation. Initially, Sox2 is required to specify prosensory competence, but subsequent downregulation of Sox2 must occur to allow Atoh1 expression, most likely through a direct interaction with the Atoh1 promoter. These results implicate Sox2-mediated changes in prosensory cells as an essential step in their ability to develop as HCs.
INTRODUCTION
In vertebrates, sounds are perceived through the stimulation of mechanosensory hair cells (HCs) located within the cochlear duct of the inner ear. Virtually all of the cell types within the cochlear duct are derived from cells initially located in the otocyst, a placodally derived structure located adjacent to the hindbrain (Adam et al., 1998; Morsli et al., 1998; Riccomagno et al., 2002) . At the most superficial level, otocyst cells can be considered to adopt one of three primary fates, neurons of the statoacoustic (VIIIth) nerve, prosensory cells that will go on to form the mechanosensory HCs and associated supporting cells, or other nonsensory cells. Recent studies have begun to identify some of the signaling pathways that specify the neuronal and prosensory lineages, as well as some of the factors that direct cells toward a HC fate. In particular, the high-mobility-group transcription factor Sox2 is required for prosensory formation while the basic helix-loop-helix molecule Atoh1 acts as a specification factor for the HC fate (Bermingham et al., 1999; Woods et al., 2004; Kiernan et al., 2005) .
Sox2 belongs to the B1 family of Sox proteins, which have been shown to be involved in various developmental processes including determination of cell fate and differentiation (Bylund et al., 2003; Graham et al., 2003; Dabdoub et al., 2008) . As a transcription factor, Sox2 binds directly to DNA and can act as either a transcriptional activator or repressor depending on context (Uchikawa et al., 1999; Liu et al., 2013) . In the developing inner ear, Sox2 is initially expressed in the otic progenitor cells that will develop as both the prosensory and neuronal cell lineages. Loss of Sox2 expression in the otocyst leads to a complete loss of prosensory cells and consequently both HCs and supporting cells (Kiernan et al., 2005) . In addition, all known markers of the prosensory domain are absent in Sox2 mutants, demonstrating a key role for Sox2 in prosensory formation and presumably, the acquisition of competence to develop as a HC or supporting cell. In contrast with Sox2, Atoh1 expression does not begin until prosensory cells have become postmitotic and is thought only to directly regulate the formation of cells as HCs (Zheng and Gao, 2000; Woods et al., 2004) . Forced expression of Atoh1 is sufficient to induce HC formation both within the prosensory domain and in adjacent nonsensory cells (Zheng and Gao, 2000; Woods et al., 2004; Kelly et al., 2012) and although ectopic HCs will induce neighboring cells to develop as supporting cells, Atoh1 expression is not directly required for supporting cell formation (Woods et al., 2004) .
The observation that ectopic expression of Atoh1 can lead to HC formation in regions of the inner ear that are not thought to contain prosensory cells raises the possibility that prosensory specification is not required for the acquisition of HC competence. In fact, this finding suggests that the concept of a population of prosensory cells that are uniquely able to develop as HCs and supporting cells may be inaccurate. Instead, it suggests that the role of Sox2 may simply be to induce or regulate the expression of Atoh1 in specific regions of the developing inner ear. Since, as mentioned, developing HCs have the ability to recruit surrounding cells to develop as supporting cells, regulation of the spatial expression pattern of Atoh1 could be sufficient to regulate patterning of sensory epithelia within the inner ear. A better understanding of the role of Sox2 during inner ear development, as well as the nature of the prosensory domain, would provide valuable insights regarding inner ear formation and possible regenerative strategies.
METHODS

Mice
All animal procedures were performed according to the guidelines and regulations of the Institutional Animal Care and Use Committee at National Institutes of Health and The Medical University of South Carolina (MUSC). The generation and genotyping of Lcc mutant mice was described previously (Kiernan et al., 2005) . Briefly, Sox2-deficient cochleae were obtained by crossing Sox2
Lcc/1 heterozygotes. Cochleae from wild-type CD1 (Charles River; Harlan Laboratories) or Sox2
Lcc/Lcc mice were collected from timed-pregnant females at specific time points between E13 and P0.
Generation of Plasmid Constructs
For transient expression of Sox2, a Sox2.ER T2 fusion construct was generated by cloning Sox2 (pCIG-Sox2) and ER T2 (pCAG-ER T2 ) fragments in frame using primers that were designed to remove the stop codon from the Sox2 open reading frame and introduce a stop codon at the end of ER T2 sequence. The resulting fusion was confirmed by sequencing and then inserted into the pIRES2.EGFP vector to generate Sox2.ER T2 .IRES.EGFP (Sox2 ERT2 :EGFP). For Atoh1 overexpression, we used pIRES2.EGFP.Atoh1 and pIRES2.EGFP.Atoh1ER as described previously (Woods et al., 2004; Puligilla et al., 2010) . The expression vector, pCIG.Sox2.EGFP was used for continuous expression of Sox2.
Cochlear Organ Cultures and Electroporation
Cochlear explant cultures were prepared and electroporated as described previously (Haque et al., 2015) . Briefly, timed pregnant CD1 mice were anesthetized deeply by CO 2 inhalation and then euthanized. Cochleae were dissected from staged embryos and the sensory epithelium was exposed. For electroporation, cochleae were placed in a 10 mL drop of water containing 2 mg/mL of plasmid DNA and transfected using a square wave electroporator, CUY-21 (BEX, Protech International). Following electroporation, the explants were oriented "sensory epithelium up" onto matrigel-coated MatTek dishes (MatTek Corporation) and maintained in culture medium containing DMEM, 10% fetal bovine serum, 0.2% N2, and 0.001% Ciprofloxacin. Explants were maintained at 378C in the presence of 5% CO 2 . NIH3T3 cells were maintained as previously described and were transfected using lipofectamine 2000 (Invitrogen). 4-Hydroxytamoxifen (Sigma) was used to induce activation of the Sox2.ER T2 fusion protein in both cell lines and cochlear explants.
Immunostaining
Cochlear explants were fixed in 4% paraformaldehyde for 10 min, washed in PBS, permeabilized with 0.5% Tween-20, and then blocked with 10% serum. Samples were then incubated overnight in primary antibodies at 48C with rocking followed by extensive rinsing. Binding of primary antibodies was detected using Alexa Fluor-conjugated secondary antibodies (Molecular Probes). The following antibodies were used: Sox2 (Chemicon; Santa Cruz), Myo6, Myo7a (Proteus Biosciences), Jagged1 (Santa Cruz), Prox1 (Chemicon), Phalloidin (Molecular Probes), and Atoh1 (Driver et al., 2013) . Confocal z-stack images were obtained using a Zeiss LSM 510 confocal microscope and subsequently processed using Adobe Photoshop.
Chromatin Immunoprecipitation (ChIP) Assay
ChIP was performed using the ChIP kit (Pierce) according to the manufacturer's protocol. Briefly, protein was isolated from around 65 cochleae at E14.5 and then cross-linked to DNA by addition of formaldehyde. Chromatin was sheared by sonication to 100-200 bp fragments and the soluble chromatin fraction was collected; 10% of the resulting supernatant was used for input. Equivalent concentrations of either anti-IgG (negative control) or anti-Sox2 were added and incubated according to the protocol. Purified eluted DNA fragments were subsequently amplified by PCR. Primer sequences will be provided upon request.
RESULTS
Ectopic Overexpression of Atoh1 Induces Sox2 Expression
Forced expression of Atoh1 in nonprosensory regions of embryonic or early postnatal cochleae lead to the formation of ectopic HCs. In many cases, cells that form ectopic HCs in response to forced expression of Atoh1 are not positive for Sox2 at the time of transfection, suggesting that expression of Atoh1 alone is sufficient to induce HC formation. To examine this hypothesis further, non-sensory cells located within Kolliker's organ, an embryonic/early postnatal structure located medial to the developing organ of Corti, were forced to express Atoh1 by electroporation. Transfected cells were subsequently analyzed at different post-transfection time points for the expression of both HC-specific markers and Sox2. As previously reported, by 96 hours following transfection, many Atoh1-expressing cells were positive for the HC 
Sox2 Is Required for Atoh1-Induced HC Formation
The results presented above indicate transient expression of Sox2 in response to Atoh1-induced HC formation. To determine whether this expression is necessary for HC formation, cochlear cells from Sox2
Lcc/Lcc mutants were transfected with an Atoh1-expression vector at two developmental time points, E13 and P0. Atoh1-expression in Kolliker's organ cells in control cochleae at E13 resulted in a 96% induction of HC formation based on expression of Myo6 [ Fig. 2(A-C) ]. Transfection of Atoh1 at P0 still ) (D-F) mice at E13 and transfected with Atoh1.EGFP (green). After six DIV explants were fixed and analyzed for expression of the HC marker Myo6 (red). In WT cochleae, transfection of Kolliker's organ cells (KO in C) induces broad expression of Atoh1 (A, green) and the formation of multiple ectopic HCs (B, red). Note the presence of the endogenous HC population within the sensory epithelium (SE in C). Many of the cells transfected with the Atoh1 construct appear yellow indicating that they are developing as HCs. As has been reported before, ectopic HCs that did not appear to express the transgene were also observed (red cells in KO in C). induced HC formation; however, the efficiency of induction was reduced to 58% (Table 1[ TQ1] ). The basis for the decrease in efficiency is unclear, but is consistent with recent results showing a progressive decrease and eventual loss in the ability of ectopic Atoh1 to induce a HC fate in Atoh1 transgenic mice (Kelly et al., 2012; Liu et al., 2012) .
In contrast with control cochleae, transfection of Atoh1.EGFP into Kolliker's organ cells in Sox2 (Table 1) . Transfected cells also did not develop stereociliary bundles, as were observed on transfected cells in controls, suggesting that defects in Atoh1-induced HC formation were not limited to expression of markers (data not shown). To determine whether forced expression of Atoh1 is sufficient to induce prosensory cell identity in the absence of Sox2, expression of the prosensory markers, Jagged1 and Cdkn1 was examined in Sox2
Lcc/Lcc cochleae. Results indicated no expression of either marker (not shown), suggesting that the absence of Sox2 arrests cochlear cells prior to prosensory specification.
Transient Expression of Sox2 Is Sufficient to Induce HC Formation
The results described above demonstrate that Sox2 expression is required for the acquisition of prosensory identity. Yet, previous work has demonstrated that prolonged expression of Sox2 also acts to inhibit the expression and function of Atoh1 (Dabdoub et al., 2008; Neves et al., 2012) . Further, Sox2 expression is lost as prosensory cells develop as HCs (Hume et al., 2007; Dabdoub et al., 2008) . Taken together, these results suggest that transient expression of Sox2 may be sufficient to induce HC formation. To test this hypothesis, an inducible version of Sox2 was generated by fusing the Sox2 ORF with ER T2 . This sequence was then introduced into an IRES expression vector that also generates eGFP as an independent transcript. The resulting construct (Sox2 ERT2 :EGFP) allows transient expression of Sox2 in cells that constitutively express eGFP.
To confirm that the construct generates an inducible version of Sox2 that is expressed in cytoplasm in the absence of tamoxifen and translocated to the nucleus in the presence of tamoxifen, NIH3T3 cells were transfected with Sox2 ERT2 :EGFP. Sox2 protein was clearly present in eGFP-positive cells following transfection but was restricted to the cytoplasm in the absence of tamoxifen [ Fig. 3(A-C) ]. Following administration of tamoxifen, Sox2 was translocated to cell nuclei [ Fig.  3(D-F) ]. To confirm biological activity of the Sox2 ERT2 fusion, the ability of Sox2 to induce expression of Prox1, a known inner ear Sox2 target (Dabdoub et al., 2008) was examined both in NIH3T3 cells [ Fig. 3 :eGFP but maintained in the absence of tamoxifen never developed as HCs. In contrast, when electroporated explants were exposed to tamoxifen for 24 hours followed by a 72-hour recovery period, most of the transfected cells were positive for the prosensory marker, Jagged1 [ Fig. 4(A-C) ] as well as for Atoh1 (n 5 4 explants, 30 out of 41 transfected cells were Atoh1-positive) [ Fig. 4(D-F) ]. However, none of the transfected cells expressed a definitive HC marker such as Myosin 7a (not shown). Therefore, additional explants were treated with Tamoxifen for 24 h but were then allowed to recover for 5 days prior to fixation. By this time point, 70% of transfected cells were positive for a HC marker, either Myo6 or Myo7a [ Fig. 4(G-I) ]. Moreover, many of these cells also contained a stereociliary bundle [ Fig. 4(J-L) ]. While 96% of cells with forced expression of Atoh1 develop as HCs (Table 1) , only 70% cells with induced transient expression of Sox2 developed as HCs following 24 h of induction. This difference in HC induction efficiency could be due to incomplete penetration of tamoxifen or could also be a result of hypomorphic activity in the Sox2 ERT2 fusion as was suggested for a similar Atoh1 ER fusion construct (Woods et al., 2004 :EGFP and then induced with tamoxifen for 2 DIV followed by a 4 DIV recovery period also failed to induce HC formation (not shown). These results suggest that cellular sensitivity to Sox2 expression is fairly high with just 48 h of Sox2 activity potentially leading to long term inhibition of a HC fate.
Sox2 Directly Interacts with Regulatory Elements of Atoh1
The observation that transient activation of Sox2 leads to Atoh1-positive HCs prompted us to determine whether Sox2 binds to regions within the Atoh1-enhancer. Previous work had demonstrated that Sox2 binds to and regulates a conserved Sox2 consensus sequence 5 0 -AACAAAG in a reporter construct driven by the Atoh1 1.3 0 -enhancer (Ahmed et al., 2012) . However, an interaction between Sox2 and endogenous Atoh1 had not been demonstrated. Therefore, we performed ChIP assays using extracts of cochlear tissue at E14, a time point that corresponds with the onset of Atoh1 expression. Chromatin isolated from E14 cochleae was immuno-precipitated either with a control goat IgG antibody or a Sox2-specific IgG antibody and analyzed by PCR. In contrast to the control, the consensus binding region of Sox2 within the Atoh1 regulatory region showed preferential amplification. Furthermore, the association was specific for this 
DISCUSSION
Our understanding of the signaling pathways that direct cells within the otocyst towards a HC fate has increased significantly in recent years. The demonstration that Atoh1 is both necessary and sufficient for HC formation (Bermingham et al., 1999; Woods et al., 2004; Gubbels et al., 2008) followed by the discovery that Sox2 acts upstream of Atoh1 to induce the formation of the prosensory population (Kiernan et al., 2005; Dabdoub et al., 2008; Neves et al., 2012) established a molecular genetic pathway that could direct otocyst-derived cells towards a HC fate. More recent work has demonstrated roles for the homebox gene Six1 and coactivator Eya1 in the induction of Sox2 expression and for the Notch pathway genes, Jag1 and Rbpj in the maintenance of Sox2 expression (Kiernan et al., 2006; Zou et al., 2008; Yamamoto et al., 2011; Ahmed et al., 2012) . However, significant gaps regarding the exact nature of the interactions between these factors still exist. The experiments described here were intended to further define the interactions between Sox2 and Atoh1 in HC induction.
The demonstration that the ability of Atoh1 to induce HC formation in embryonic cochlear epithelial cells is lost in the absence of Sox2 is consistent with Sox2 conferring competence to prosensory cells. From a developmental stand point, competence is fairly easily defined as the ability of a particular progenitor cell to assume a particular cell fate or lineage. In contrast, a molecular definition of competence can be considerably harder to elucidate. Sox2 is known to confer neuronal competence primarily through the positive induction of neural progenitor factors such as Nestin and Tlx (Graham et al., 2003; Shimozaki et al., 2012) . A second possible mechanism for Sox2-mediated regulation of neural competence could be through epigenetic modification of Atoh1-targets. The results presented here suggest a similar role for Sox2 in the development of HCs; however, the specific progenitor factors that might be regulated by Sox2 have not been identified.
Atoh1 Fails to Induce HC Formation in the Absence of Sox2
Recent results from both in vivo and in vitro experiments indicate that expression of Atoh1 is sufficient to induce HCs in multiple regions of the inner ear and cochlear duct, including regions, such as the spiral ligament, that are not thought to arise from prosensory cells and therefore are unlikely to have ever expressed Sox2 (Hume et al., 2007; Kelly et al., 2012) . These results suggested the possibility that expression of Sox2 might not change the state of prosensory cells beyond inducing the expression of Atoh1. However, the demonstration here that forced expression of Atoh1 in cochleae from Sox2
Lcc/Lcc mutants is insufficient to induce HC formation clearly suggests that Sox2 acts to change the competence of otocyst cells in terms of their ability to respond to Atoh1. The specific changes that are mediated through Sox2 expression are unknown. One possibility would be that expression of Sox2 promotes the competence through the induction of expression of progenitor factors, such as Egr-1, Nestin, or Tlx that are required for the specification prosensory cell identity. A similar role has been described for Sox2 during neural development (Wells et al., 2011) but the specific factors that are up-regulated in prosensory cells in response to Sox2 have not been determined. Six1/Eya1 have been shown to induce HC formation when electroporated into Kolliker's organ cells and their early expression in prosensory regions of the otocyst are consistent with a role in competence, but promoter binding studies demonstrated a direct role in expression of Atoh1, suggesting that Six1/Eya1 might regulate HC formation rather than competence. The requirement for transient expression of Sox2 would also seem to be consistent with this regulatory mechanism as it could lead to induction of factors that would induce transition to a progenitor Figure 5 Sox2 binds to the 3 0 enhancer region of Atoh1 in vivo. A: Schematic representation of the Atoh1 gene including enhancer elements at the 3 0 end of the Atoh1 ORF with the putative Sox2 transcription factor binding site AACAAAG. PCR primer pairs are designed to amplify the consensus binding site following ChIP. B: ChIP assays using anti-Sox2 or IgG control antibodies were performed on chromatin isolated from E14.5 cochlea. The equivalent fraction of the sonicated chromatin was treated as 'input' DNA which is not immunoprecipitated. PCR assay was used to determine immunoprecipitated chromatin for each primer set. n 5 4 separate experiments.
state followed by down-regulation of those same genes to allow cellular differentiation.
An alternate, or possibly complementary, role for Sox2 in specification of prosensory cell competence could be modification of the epigenetic status of prosensory cells that would regulate the responsiveness to Atoh1 targets. Sox2 has been shown to modulate expression of both HDACs and DNMTs, suggesting a possible mechanistic role in epigenetic modifications (Lyssiotis et al., 2007) . Consistent with this idea is the observation of a loss of the ability of Atoh1 to induce HCs over developmental time, also suggesting that epigenetic modifications may play a role in regulation of Atoh1 targets. Similarly, the recent generation of Atoh1 transcriptomes for cells from the developing cerebellum and spinal cord has revealed both common and unique Atoh1 targets within each tissue (Krizhanovsky et al., 2006; Klisch et al., 2011) . One of the mechanisms that can account for differential expression profiles arising from the same transcription factor is heterogeneity in the ability of that transcription factor to bind to specific promoter sequences as a result of differences in epigenetic modifications including methylation and acetylation states (Berger, 2007; Bonasio et al., 2010) . Unfortunately, while HC transcriptomes have been recently published (Beisel et al., 2007; Liu et al., 2014; Burns et al., 2015) , similar information on Atoh1 targets in HCs is not yet available.
Atoh1 Is a Direct Target of Sox2
Consistent with previous results from both chick and mouse (Ahmed et al., 2012; Neves et al., 2012) , our experiments described here demonstrated direct binding of Sox2 to the Atoh1 enhancer. This result is consistent with the hypothesis that Atoh1 is directly upregulated by Sox2, possibly in cooperation with Six1/Eya1, even though continued Sox2 expression acts to inhibit HC formation. The nature of this inhibition is unclear. Similar transient patterns of expression for Sox2 have been observed in developing neuronal tissue in which Sox2 is upregulated to induce a neural progenitor state but then must be down regulated for final neuronal differentiation. Giraldez and coworkers (Neves et al., 2012) have suggested that this type of interaction can be described by an "incoherent feedback loop" in which Sox2, in the inner ear, would simultaneously activate both Atoh1 and an Atoh1 inhibitor. The delay required for the buildup of the inhibitor would result in a transient expression of Atoh1, such as is observed in developing HCs. This is an intriguing model and several factors that can act as direct inhibitors of Atoh1, including members of the Hes/Hey family of bHLHs, have been shown to be expressed in developing inner ear sensory epithelia (Petrovic et al., 2015) . However, a specific mutant in which the transient expression of Atoh1 in HCs is lost has not been described yet.
In contrast with HCs, supporting cells maintain expression of Sox2 in to adult ages. Similar results have been shown for developing glial cells (Lang et al., 2011; Walters et al., 2015) and a recent report demonstrated a role for Sox2 in the differentiation of oligodendrocytes (Hoffmann et al., 2014) . These findings raise the intriguing possibility that Sox2 could also play a role in supporting cell differentiation. Deletion of Sox2 at a late embryonic stage would probably be required to address this possibility.
Finally, developing ectopic HCs induced through electroporation of Atoh1 were shown to be transiently positive for Sox2. In light of the other data presented in this study, that result is not surprising given that molecular effects mediated by Sox2 seem to be required for HC formation. However, the ability of Atoh1 to induce Sox2 expression, either directly or through the induction of a "proto-HC phase" is unexpected. Typically members of the Class II bHLH family are thought to drive progenitor cells along a differentiative pathway that does not include expression of factors, like Sox2, that are associated with less differentiated stages in development (Bylund et al., 2003) . However, an analysis of the Sox2 promoter region indicates the presence of 4 E-box consensus sequences one of which also meets the criteria for an Atoh1 E-Box Associated Motif (Akazawa et al., 1995; Helms et al., 2000) , a 10 nucleotide sequence highly correlated with Atoh1-binding (Klisch et al., 2011) . Therefore, a direct regulation of Sox2 by Atoh1 may occur during inner ear development.
It is also important to consider that all of these experiments utilized cells located in Kolliker's organ. While these cells have been considered to be nonsensory cells based on their ultimate fates as part of the inner sulcus, there is growing evidence to suggest that it may be more appropriate to consider these cells as part of the prosensory population even though they do not develop as HCs or supporting cells. Previous studies have demonstrated that these cells possess a high degree of plasticity including the ability to develop as HCs, support cells or neurons following forced ectopic gene expression (Zheng and Gao, 2000; Kawamoto et al., 2003; Woods et al., 2004; Gubbels et al., 2008; Puligilla et al., 2010) . Moreover, at least some of these cells are actively repressed from forming ectopic sensory patches through activation of the sonic hedgehog signaling pathway (Driver et al., 2008) . Lineage tracing indicates that some of the cells arise from the neurosensory lineage, suggesting that they may have expressed Sox2 at some point in their development, and recent profiling of single cochlear cells indicates a high degree of transcriptional similarity between Kolliker's organ cells and some supporting cells within the organ of Corti (Burns et al., 2015) . These observations suggest that Kolliker's organ cells may be poised to develop as neurosensory cell types. The molecular basis for the developmental status of these cells is unclear, but could be related to the evolution of the mammalian auditory organ.
In summary, in this study we used ectopic HC formation in Kolliker's organ to examine the relationship between Sox2 and Atoh1. Our results demonstrate that Sox2 is essential for Atoh1-mediated HC formation and also confirm the hypothesis that Sox2 acts both as an activator of Atoh1 through direct binding to the Atoh1 enhancer, and as an Atoh1 antagonist. Moreover, the results presented here also suggest that transient expression of Sox2 is crucial for ectopic HC formation and that a decrease in the ability to reactivate expression of Sox2 in HCs could possibly underlie the basis for the loss of Atoh1's ability to induce HC formation in postnatal cochleae. Finally, this study implicates Sox2 in the regulation of both the spatial and temporal patterning of sensory epithelial cell formation within the inner ear.
